In Japan, the frequency of sudden heavy rain events has recently increased, causing slope failures that in turn increase rates of damage to transit infrastructure such as railways and roads. To reduce this damage, there is a need to identify locations near railroad tracks that are at risk of slope failure. Thus, an assessment that predicts whether or not damage will occur due to external forces such as heavy rains is required, rather than a simple relative risk assessment based on identifying locations similar to those damaged in previous events. In this study, we developed a method for time series stability assessment of slopes during heavy rains using digital topographic data. This method uses topographic data to estimate topsoil thickness, which contributes to stability, and soil strength, which is affected by the root systems of vegetation on slopes. Using differences in these parameters between tree species and forest type, we were able to calculate slope stability and simulate slope failure during rainfall. The simulations allowed us to evaluate locations along routes where previous failures occurred, and to identify at-risk locations that have not yet experienced slope failure. This approach will improve forest management based on risk assessments for intensifying heavy rains.
INTRODUCTION
In Japan, the frequency of sudden heavy rain events has recently increased, causing slope failures that in turn increase rates of damage to transit infrastructure such as railways and roads. To reduce this damage, there is a need to identify locations near railroad tracks that are at risk of slope failure. To this end, the railroad administrators currently identify characteristics of slope failure sites from past disaster data and identify locations found to be similar in nature from field surveys as being hazardous places. This work, however, needs considerable labor and can only be carried out in limited areas. The characteristics of slope failure sites vary depending on the local topography or geology. Where no slope failure disasters occurred in the past, it is difficult to learn the characteristics of a location with a high risk of slope failure. Assessment of slope risk over a wide area requires an assessment method that is highly applicable to various locations and needs less labor. There is research on the prediction of slope stability using an analytical method based on physical laws. Okimura et al. (1985) proposed a technique that assesses slope risk over a wide area by infinite slope stability analysis using numerical topographic model. Asano et al. (2013) approximated the groundwater level and saturation percentage in the soil using a simple equation based on the numerical experiment to consider the unsaturated infiltration process in the soil and proposed a revised version of the assessment technique of Okimura et al. (1985) . In these assessment techniques, the topsoil layer thickness greatly affects stability of the slope. It is pointed out that the preparation of a spatial model of topsoil layer thickness requires a great amount of effort. Mountain slope surfaces in Japan are generally covered by vegetation. These techniques consider the effect of the vegetation on slope stability in the form of adhesion of the root system. However, no techniques of spatial modeling of adhesion are proposed. In this research, the binding power of the root system, which differs depending on the thickness of the topsoil layer or the vegetation on a slope, are modeled based on aerial laser measurement data, and a technique that assesses the risk of a slope using these models is proposed.
CALCULATION METHOD

Summary and aim
We estimated topsoil thickness and soil-related vegetation characteristics based on aerial photographs and digital topographic data. Using these data as input, we modified the slope stability calculation method (Nunokawa et al., 2013) to increase its precision for use in vegetation management and future environmental assessments on slopes near railroad tracks. The characteristics of the revised calculation model are as follows. ・Assessments account for external forces due to intensified heavy rains. ・Extraction of newly identified at-risk locations as well as those previously damaged.
・Disaster-resistance simulations based on current or different vegetation species. ・Assessment of areas from disaster prevention and ecology (environmental) perspectives, and application to forest management. In this study, we present a method to calculate soil strength based on estimated topsoil thickness and data describing vegetation root systems, and the results of trial calculations using these methods.
Data collection from test sites
The study site was a watershed with a depth of 300 m along the Japan Railway, at which five surface failures occurred due to heavy rains in August 2014 in Northern Kyoto (Figure 1 ). Aerial photographs and aerial laser measurements were taken at these locations. Vegetation in the watershed was classified, and 50-cm digital three-dimensional (3D) topographic data were obtained by interpretation of photographs and laser measurements. Topsoil strength parameters and thickness were determined using field surveys via simple dynamic cone penetration tests. Physical characteristics of the soil, such as strength and water permeability, were determined from soil samples.
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(1) Aerial photograph 
TOPSOIL THICKNESS ESTIMATION USING DIGITAL TOPOGRAPHIC DATA
Simple cone penetration tests were conducted in the field to represent the entire watershed. Statistical analyses (type I quantification) were performed using the topsoil thickness at cone penetration test sites as the objective variable, and various types of topographic data obtained from laser measurements were the explanatory variables. As the correlation between slope incline and topsoil thickness differed around a slope incline threshold of 30°, locations were classified into those with slope inclines < 30° and ≥ 30°. Different types of topographic data were used as explanatory variables: slope incline, catchment area, aboveground opening, and geological structure (dip or anti-dip slope). Slope incline, catchment area, and aboveground opening were easily determined from digital topographic data, and geological structure was obtained from a geologic map, without the need for field surveys. The analysis results are shown in Table 1 . Figure 2 shows the relationships between experimental topsoil thickness and values estimated using the equations provided in Table 1 , for arbitrary points along a 2-m mesh throughout the watershed. The distribution of estimated topsoil thickness generally conformed to the distribution of experimental values; thus, our results were sufficiently precise to estimate topsoil thickness without the need for additional field surveys. The correlation coefficient was 0.9 for slopes with a < 30° incline, and 0.7 for slopes ≥ 30°. 
SOIL STRENGTH PARAMETERS BASED ON SLOPE ROOT SYSTEM EFFECTS ON SOIL CONSERVATION
Generally, vegetation root systems increase the shear strength of soil, as shown by the following equation:
where τ is the soil shear strength, φ is the soil friction angle, c is the soil viscosity, and Δc is the increase in soil viscosity due to vegetation (mainly trees in the study site), which can be determined by the following equations (Atsuji, 2013 (Atsuji, , 2014 : 
where D is the tree diameter at breast height (cm) and X is the distance between trees (m). Thus, tree species and diameter, and the inter-tree distance, can be used to determine the increase in soil viscosity due to the presence of trees (Figure 3 ). 
Classification of tree species
We classified the tree species in the study watershed by interpreting aerial images (Figure 4 ). The target watershed comprised 49% conifers (mainly Japanese cypress), 34% broadleaf trees, and 17% bare soil due to slope failure. 
Diameter at breast height
The average D value of trees within a 10-m mesh was estimated from laser measurement data as follows. First, a digital surface model (surface height including trees) and digital elevation model (topographic model excluding trees) were determined using aerial laser measurement results. A digital tree height Legend Topsoil thickness (m) ■ 1.6 or over ■ 1.2 -1.6 ■ 1.0 -1.2 ■ 0.5 -1.0 ■ under 0.5 100m 50 0 model was developed based on the differences between these models. Tree height (H) was estimated from digital tree height model ( Figure 5 ). The relational equation (Equation (4) 
The distribution of D values for the target watershed obtained by this method is shown in Figure 6 .
Distance between trees
A relational Equation (5) was created for the relationship between X values measured at 30 locations during a survey of the study site and the crown density results (CR) . CR values could be determined from aerial laser measurement data ( Figure  7 ). For all meshes in the watershed, X values were estimated using the following equation; the results are shown in Figure 8 .
Increase in soil viscosity due to tree root systems
D and X values were calculated as described in Sections 4.1-4.3. And we determined Δc for the 10-m mesh using Equations (2) and (3). The distribution of Δc in the watershed is shown in Figure 9 . 
Verification during the disaster
Slope failure occurred at a number of locations within the target watershed due to heavy rains on August 16-17, 2014. We conducted a stability study based on methods that treated the heavy rainfall as an external force, using a calculation mesh of 2 m × 2 m, topsoil thickness values based on the proposed prediction method, and hourly rainfall data recorded near the target watershed (Figure 10 ). Soil strength values took Δc into account, as shown in Figure 9 . We assumed that the topography of the failed portion was returned to its pre-failure state by summit-level processing methods (Fujii, 2002) . Figure 11 shows the results of these calculations for a cumulative rainfall value of 380 mm. The actual time of failure remains unclear; however, our calculations indicate that risk was higher near the failed portions. We found that the methods proposed in this study allowed successful risk assessment during rainfall.
Estimation of failure suppression due to slope vegetation
Having shown that it was generally possible to calculate the risk of slope failure during rainfall, we next attempted to calculate the inhibition of slope failure by different types of vegetation in the watershed. We estimated a tree density of 3,000 trees/ha, Figure 10 . Rainfall history of the target watershed
(1) Bare soil (Each mesh is calculated with ΔC=0)
(2) Managed conifer forest with 3,000 trees/ha (no change in broadleaf trees) 
Actual failure slopes Figure 11 . Slope failure risk estimated by the model, considering soil conservation by root systems assuming a forest of well-managed Japanese cypress. Using Δc as an input, we compared the results for a conifer forest to those for a broadleaf forest and for bare soil. As there is no concept of an ideal forest of broadleaf trees, the median value for broadleaf trees in the watershed was used for the increase in soil viscosity calculations. The results for a simulation using rainfall as an external force, at a cumulative rainfall of 380 mm, are shown in Figure 12 . We then compared the risk of failure given the actual vegetation in the watershed with that for vegetation consisting entirely of either managed conifers or broadleaf trees (Figure 11, Figure12(2) (3)). Compared with the risk due to actual vegetation, the risk of failure with cumulative rainfall of 380 mm was extremely low when the vegetation consisted entirely of managed conifers or broadleaf trees. When the watershed contained bare soil with no vegetation, i.e., with no soil conservation effect due to tree roots, there was a high risk of slope failure throughout the watershed (Figure12(1) ). Thus, our calculations show that the risk of slope failure differs greatly among vegetation types, and that it is possible to assess risk based on the state of the slope vegetation along railways using rainfall as an indicator.
CONCLUSION
We presented a method for time series slope failure risk assessment using topographic data for disasters caused by heavy rains at locations near routes such as railways and roads. We also proposed methods to estimate topsoil thickness, which heavily influences slope failure risk, and the effects of trees on soil viscosity. Based on these results, we were able to approximate actual slope failures. Failure simulations based on differences in forest type are possible using these proposed methods, to evaluate risk where previous failures have occurred in the past and to identify new at-risk locations. Thus, forests may be managed based on risk assessments for intensifying heavy rains using the proposed methods. This research focuses on how the relative spatial distribution of slope risk differs when the effect of vegetation is considered. The relative spatial distribution of slope risk is shown in plan views, and the effect of the proposed technique is indicated by showing high risk locations and differences in area. At this point, the technique is not yet capable of an assessment in terms of safety factor values, such as changes in occurrence time due to given rainfall or an evaluation of measures necessary to prevent slope failure. To achieve the said purpose, the verification of the model and improvement of precision are tasks to be solved in the future.
